Acetylation of lysine residues in histone tails activates gene transcrip tion by several mechanisms, including promotion of an open chro matin structure as well as attracting positively acting transcription factors to the genome [1] [2] [3] [4] [5] . HDACs catalyze the reversal of this pro cess, promoting a closed state of chromatin and thus contributing to repression of gene expression 1, [6] [7] [8] . HDACs are widely expressed in metazoans and are categorized as classical HDACs 1-11 as well as NADdependent HDACs known as sirtuins 9 . HDACs regulate many different biological processes including embryo development 10 , cell cycle regulation [11] [12] [13] , cell proliferation 12 , cancer progression 14,15 , lipid metabolism 16, 17 , circadian rhythm 16 , macrophage alternative activa tion 18 , and so forth.
a r t i c l e s
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HDAC3 is a class I HDAC that has been suggested to interact with many protein partners. Unlike other HDACs, HDAC3 is present in specific complexes containing nuclear receptor corepressors NCOR1 [19] [20] [21] [22] and NCOR2 (also known as silencing mediator of retinoid and thyroid receptors, or SMRT) 19, [21] [22] [23] [24] and regulates many biological processes in a variety of tissues, as demonstrated by short hairpinRNA 17, 25 and knockout [26] [27] [28] methods . For example, deletion of HDAC3 alters lipid metabolism in liver and heart 10, 17, 25, 29 , the polarization state of macrophages 18 and the cell cycle progression of fibroblasts 28 .
HDAC3 interacts with NCOR1 and SMRT through a conserved repression domain containing a SANT (SWI3, ADA2, NCoR, TFIIB) motif, which is similar to that found in other transcriptional reg ulators 30, 31 . This SANT motif, together with a unique Nterminal helical extension 32 , is required to activate the catalytic function of the HDAC3 enzyme 20, 33 and is thus referred to as the deacetylase activating domain (DAD). NCOR1 and SMRT activate HDAC3 both in vitro 24, 34 and in vivo 35, 36 through the DAD. The structure of HDAC3 bound to the SMRT DAD was recently solved, reveal ing the details of the atomic interactions as well as the involvement of an inositol tetraphosphate (IP4) molecule in stabilizing the com plex 37 . Of particular note, Tyr470 of SMRT, corresponding to Tyr478 of NCOR1 and previously shown to be required for interaction with HDAC3 (refs. 32,34) , makes a critical contact with the IP4 (ref. 37 ). The Y478A mutation abrogates repression by thyroidhormone receptor in vivo 35, 36, 38 and alters circadian and metabolic physiology in living mice 35 .
Although HDAC3 has been reported to contribute to many biological processes, the relation of these functions to NCOR1 and SMRT has been unclear. Indeed, although NCOR1 and SMRT are competent to activate the latent deacetylase activity of HDAC3, and other SANT domains tested to date have lacked this property 34 , the question of whether interaction with NCOR1 or SMRT is required for HDAC3 activity in vivo remained open. To address this question, we have generated mice homozygous for the Y470A mutation in SMRT (SDADm) and crossed these with mice homozygous for the Y478A mutation in NCOR1 (NDADm) to generate mice lacking functional DADs in both NCOR1 and SMRT (NSDADm). Using this mouse model, we report here for the first time, to our knowledge, that the enzyme activity of endogenous HDAC3 indeed requires the DAD of either the NCOR1 or SMRT.
RESULTS

NS-DADm mice are born and live to adulthood
To determine whether NCOR1 and SMRT are required for HDAC3 enzyme activity in vivo, we generated C57BL/6 mice bearing mutations in the DAD of both alleles of Ncor1 and Ncor2. In each case, the mutant protein contains a single tyrosinetoalanine a r t i c l e s substitution in the DAD (Y478A in NCOR1, Y470A in SMRT) that prevents interaction with and activation of HDAC3 (ref. 34) . The NDADm mice have been described previously 35 , and the SDADm mice were generated in the C57BL/6 strain background by using a similar strategy (Supplementary Fig. 1 ). Mutants heterozygous for NDADm and SDADm were mated to generate mice that are heterozygous for both mutant alleles, and those mice were mated with each other to obtain male and female doublehomozygousmutant NSDADm mice. Because this breeding strategy produces only one NSDADm and one wildtype mouse of the same gender for every 32 pups, larger numbers of each genotype were generated by crossing wildtype and NSDADm mice with each other. Notably, whereas loss of Ncor1, Ncor2 or Hdac3 is embryonically lethal 26, 28, 39, 40 , the NSDADm mice exhibited no detectable embryonic lethality and lived to adulthood ( Table 1) .
HDAC3 is enzymatically inactive in NS-DADm mice
We next studied the expression and function of HDAC3 in the tissues of mice bearing the DAD mutations in NCOR1 and SMRT. Gene expression of Hdac3 is normal in the livers of NSDADm mice (Fig. 1a) . Similarly, levels of hepatic HDAC3 protein were indistinguishable from those of wildtype mice (Fig. 1b) . Because expression of HDAC3, NCOR1 and SMRT was not significantly altered by the presence of the DAD mutations ( Supplementary Fig.  2a,b) , we were able to test the hypothesis that endogenous HDAC3 requires NCOR1 or SMRT for its activity in vivo. Notably, whereas HDAC3 activity was readily measured in immunoprecipitates from wildtype liver, it was undetectable in liver from the NSDADm mice (Fig. 2a) , and this was not due to inefficient immunopre cipitation relative to wild type (Fig. 2b) . Similar loss of HDAC3 enzyme activity was observed in heart ( Fig. 2c) and skeletalmuscle (Fig. 2d) tissues. Moreover, no HDAC3 enzyme activity was detect able in embryos harvested on day 12.5 ( Fig. 2e) , thus demonstrating the importance of the NCOR1 and SMRT DADs in all tissues and that no other factor substitutes prenatally as an HDAC3 activator. Because of the background of the HDAC enzyme assay, it is possible that a small amount of residual activity exists. However, these data prove that NCOR1 and SMRT are required for the vast majority of the HDAC3 enzymatic activity in the tissues examined. Thus, the nuclear receptor corepressors are required for HDAC3 enzyme activity in vivo.
HDAC3 genome binding is reduced in the NS-DADm mice
Because HDAC3 is thought to be recruited to the genome by NCOR1 and SMRT, we hypothesized that recruitment would be reduced in the NSDADm mice. To test this, we located and quantified the recruit ment of HDAC3 to mouse liver by using chromatin immunoprecipi tation with HDAC3specific antibody, followed by massively parallel DNA sequencing (ChIPseq). At 5 p.m., when circadian genomic HDAC3 recruitment is maximal in mouse liver 16 , we detected HDAC3 at 5,799 sites in wildtype mice, the majority of which were distant from transcription start sites or were present in introns ( Supplementary  Fig. 3 ), consistent with prior findings 41 . By contrast, under the same stringent peakcalling criteria, only 600 HDAC3binding regions were detected in the NSDADm liver, the majority of which overlapped with wildtype binding (Supplementary Fig. 4 ). It should be noted that HDAC3 binding remained detectable at most sites. The strength of binding in the NSDADm liver decreased ~62.4% on average (Fig. 3a) , and individual HDAC3binding sites reflect this decrease (Fig. 3b) . The reduction of HDAC3 recruitment in the NSDADm liver was validated at ten sites by ChIP followed by quantitative PCR (ChIPqPCR) (Fig. 3c) . The partial genomic interaction of HDAC3 is likely due to another region of NCOR1 or SMRT 29, 34 or to direct interaction between HDAC3 and other transcription factors, neither of which would activate the HDAC3 enzyme. Nevertheless, these data demonstrate that the NCOR1 and SMRT DADs are critical for normal genomic recruitment of HDAC3 in vivo.
Local histone acetylation is increased in NS-DADm liver
Deletion of HDAC3 has been shown to result in increased local histone acetylation in liver 16 and macrophages 18 , which is consistent with its in vitro histone deacetylase activity. We next tested whether the loss of HDAC3 activity alters local histone acetylation in vivo. Indeed, histone 42 , was locally increased at the ten sites where loss of HDAC3 recruitment was validated by ChIPqPCR but not at control sites in the Rplp0 (Arbp) and Ins1 (Ins) genes where HDAC3 is not bound (Fig. 4a) . Similar results were obtained after analysis of acetylated histone H3 Lys27 (H3K27ac), another activating mark (Fig. 4b) . Of note, the degree of elevated acetylation is comparable to that in the HDAC3 knock out liver (Supplementary Fig. 5a ). Loss of HDAC3DAD interaction did not alter the genomic recruitment of NCOR1 (Fig. 4c) or SMRT ( Supplementary Fig. 5b) , nor did the complete absence of HDAC3 affect the genomic recruitment of NCOR1 or SMRT ( Supplementary  Fig. 5c,d) . Thus, the loss of HDAC3DAD interaction leads to increased local nucleosomal histone acetylation in NSDADm mice, despite nor mal binding of NCOR1 and SMRT at these genomic locations.
NS-DADm and HDAC3-null phenotypes are distinct
The viability of the NSDADm mice, which carry the mutant alleles in every cell, was quite different from the embryonic lethality of mice with germline deletion of HDAC3 (refs. 39,40) , despite the fact that HDAC3 activity was undetectable in embryos from NSDADm mice (Fig. 2e) . Because a major difference between these two genetic models is that HDAC3 protein is absent in the knockout but fully present in the NSDADm mice, this result suggested that embry onic lethality from loss of HDAC3 is due to a deacetylase activityindependent function. We also compared the livers of NSDADm mice with those lack ing HDAC3 in the liver. Deletion of hepatic HDAC3 (liver HDAC3 knockout) was accomplished by injecting 10weekold male C57BL/6 mice bearing floxed Hdac3 alleles (Hdac3 f/f ) with an adenoassociated virus (AAV) 43 in which the thyroxinebinding globulin (Tbg, also known as Serpina7) promoter drives the liverspecific expression of either Cre recombinase or GFP as control. As previously described, the loss of HDAC3 in liver dramatically increased hepatic triglyceride levels 10, 16, 17 . Both mouse models exhibit undetectable hepatic HDAC3 activity (Fig. 5a ) and increased local histone acetylation at the lost binding sites 16 (Figs. 3 and 4) , as well as increased liver triglycerides. However, the approximately twofold increase of triglyceride activity in the NSDADm livers was considerably more modest than the dra matic five to tenfold increase observed in the mice lacking HDAC3 protein in the liver (Fig. 5b,c) . This suggests that the continued pres ence of the inactive HDAC3 protein in the NSDADm mice serves a function that normally contributes to the overall biological activity of HDAC3. Indeed, whereas hepatic cholesterol levels increased in the liver HDAC3 knockout, no significant change in cholesterol accu mulation was observed in the NSDADm mice (Fig. 5d,e) , which suggests that the cholesterol accumulation in the absence of HDAC3, which has been also observed by others 10 , involves a deacetylation independent function of HDAC3. Table 1 . Error bars, s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001 by Student's two-tailed t test. n = 4 npg a r t i c l e s Consistent with the physiological data, comparisons of transcrip tomes revealed that the loss of HDAC3 in liver had more dramatic effects on gene expression than did loss of HDAC3DAD interaction in NSDADm mice (Fig. 6a) . In keeping with previous results 17 , pathway analysis highlighted the upregulation of many genes associated with lipid metabolism in livers lacking HDAC3 protein (Fig. 6b) , many of which could be confirmed by reversetranscription qPCR (RTqPCR) (Fig. 6c) . By contrast, abrogation of HDAC3 enzyme activity but not the HDAC3 protein in NSDADm liver caused upregulation of fewer genes involved in lipid metabolism (Fig. 6b,d) . These results reinforce the conclusion that although the NCOR1 and SMRT DADs control HDAC3 activity and local histone deacetylation, these effects contribute relatively modestly to the total effects of HDAC3 protein on hepatic gene expression and the physiology of liver lipid metabolism.
DISCUSSION
We have introduced point mutations into both alleles of NCOR1 and SMRT that specifically abolish their ability to activate HDAC3. Using this mouse model, we show that the DADs of nuclear receptor corepressors NCOR1 and SMRT are required for HDAC3 enzyme activity in vivo. This finding is notable, as HDAC3 has been shown to have pivotal roles in transcriptional regulation 1, 6, 7 , cell cycle progression [11] [12] [13] , inflammation 18 , developmental events 10 and meta bolism 16, 17 . Our data clearly show that NCOR1 or SMRT is required for nearly all HDAC3 enzyme activity in vivo.
HDAC3 clearly functions as an epigenomic modifier in the liver 16 , and indeed histone acetylation was increased in the NSDADm liver at genomic locations where HDAC3 normally binds. This is prob ably explained by the loss of HDAC3 catalytic activity. In addition, HDAC3 occupancy on the genome was significantly reduced in the NSDADm, thus demonstrating the importance of the NCOR1 and SMRT DADs in recruiting HDAC3 to the genome and providing a second mechanism for increased histone acetylation at sites of endo genous HDAC3 recruitment in wildtype mice. Histone acetylation and deacetylation alter chromosome accessibility and affect functions of transcription factors acting on the genome 2 . Many inhibitors of the enzyme activity of class I HDACs are being developed to treat diseases including several types of cancer 44, 45 . Moreover, approximately 10% of currently prescribed drugs directly target transcription factors 46 , including tamoxifen for breast cancer and bicalutamide for prostate cancer, which target nuclear receptors by regulating their interaction with HDAC3 (refs. 47, 48) . Therefore, our findings toward understand ing basic HDAC biology have important therapeutic implications.
The NSDADm mice exhibited mild hepatic steatosis, and molecular analysis revealed reduced or absent HDAC3 binding and increased local histone acetylation at upregulated lipidmetabolic genes. Therefore, these effects are likely due to the absence of HDAC3dependent his tone deacetylation. Nevertheless, mice lacking HDAC3 in liver mani fest much more severe hepatic steatosis 10, 16, 17 along with disrupted cholesterol homeostasis 10, 17 , whereas NSDADm mice exhibited no detectable alteration in hepatic cholesterol. Furthermore, although absence of cardiac HDAC3 causes lethality or dietinduced heart fail ure depending on when the HDAC3 is deleted 17, 40 , NSDADm mice have normal hearts and are able to tolerate a highfat diet (data not shown). Thus, although our studies show that the nuclear receptor co repressors are required for the deacetylase activity of HDAC3 in vivo, they also suggest a DADindependent or deacetylaseindependent [49] [50] [51] [52] . The phenotype of the SDADm mice will be further characterized. More notably, however, although HDAC3 enzyme activity is diminished to an almost undetectable level in embryos of NSDADm, the mice are viable and live to adulthood. This also suggests that HDAC3 has a DADindependent or deacetylase independent function that is required for life. The DADindependent functions of HDAC3 are unlikely to be the regulation of the genomic recruitment of NCOR1 and SMRT, as the genomic occupancy of these corepressors was maintained in the liv ers of NSDADm as well as in mice lacking hepatic HDAC3. Also, although it is possible that HDAC3 has nuclear receptor corepres sor-independent ability to deacetylate nonhistone substrates [53] [54] [55] [56] [57] [58] , this is unlikely because the substrate used in the HDAC3 assay is a short peptide rather than a fulllength histone protein. One caveat is that, owing to the relatively high background of the HDAC activity assay, it is also possible that there is a small amount of residual HDAC3 deacetylase activity that is not detectable over background but may contribute to the modest phenotype of NSDADm mice relative to mice lacking HDAC3 protein. It should also be noted that the genome wide localization of HDAC3 was reduced but not abrogated in NS DADm mice, potentially owing to the second region in NCOR1 and SMRT that interacts with HDAC3 but does not activate the enzyme 34 . Nonetheless, the present study in NSDADm mice demonstrates for the first time, to our knowledge, that corepressors NCOR1 and SMRT are required for endogenous HDAC3 activity. It also raises the pos sibility that the HDAC3 protein is critical for embryonic development and adult physiology through nonenzymatic mechanisms.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. Complete list of significantly changed genes is avail able at Gene Expression Omnibus, with accession code GSE42541.
